[1] This study, conducted in December 2004, is the first to present observations of DMS in a snow pack covering the multi-year sea ice of the western Weddell Sea. The snow layer is important because it is the interface through which DMS needs to be transported in order to be emitted directly from the ice to the overlying atmosphere. High concentrations of DMS, up to 6000 nmol m À3 , were found during the first weeks of December but concentrations sharply decline as late spring-early summer progresses. This implies that DMS contained in sea ice is efficiently vented through the snow into the atmosphere. Indeed, field measurements by relaxed eddy accumulation indicate an average release of 11 mmol DMS m À2 d À1 from the ice and snow throughout December. Citation:
Introduction
[2] In sea ice lie habitats that appear to be highly productive during spring and summer, and sea ice communities are thought to make a major contribution to global carbon [Semiletov et al., 2004; Zemmelink et al., 2006] and sulfur cycling [Trevena et al., 2003; Zemmelink et al., 2005] . Via melting, inorganic and organic particulates (including sea ice algae) contained within the ice are released to the upper water column. Commonly associated with the retreating sea ice edge are phytoplankton blooms that account for a considerable portion of polar productivity [e.g., Arrigo, 1998 ].
[3] Associated with these blooms of microalgae are some of the world's highest concentrations of algal-derived dimethylsulfoniopropionate (DMSP) and its gaseous degradation product dimethylsulfide (DMS) [e.g., Gabric et al., 2005] . These sulfur compounds are of great interest to because they are part of a biogeochemical system that transfers sulfur from the oceans to the atmosphere, via DMS. In the atmosphere, DMS is oxidized to methanesulfonic acid (MSA) and sulfate particles, which can act as cloud condensation nuclei [Gondwe et al., 2003] . This input of sulfur affects atmospheric chemistry, cloud microphysics and direct scattering of solar radiation [Gabric et al., 2003 [Gabric et al., , 2004 . The latter two processes have potentially strong impacts on regional and global climate dynamics [Shaw, 1985; Charlson et al., 1987] .
[4] Although the release and the transformation processes affecting the fate of sea ice DMSP and DMS during sea ice melting have been extensively studied in recent years [Curran and Jones, 2000; Gabric et al., 2005; Trevena and Jones, 2006] , there is still limited knowledge of the transfer of DMS from the ice to the atmosphere.
[5] The potentially significant flux of DMS from surface waters to the atmosphere related to sea ice melting has already been pointed out by several authors. Curran and Jones [2000] were among the first to suggest that DMS was being released from melting sea ice in open water leads, and that elevated levels of atmospheric DMS above the sea ice could reflect degassing of DMS from the sea ice. This is supported by later studies. Zemmelink et al. [2005] suggested that the release of DMS from open water leads could produce significant spikes of DMS flux towards the overlying atmosphere. Recently, Trevena and Jones [2006] also suggested that the release of DMSP and DMS during sea ice melting may result in ''hot spots of seawater DMS with concentrations of the order of 100 nM, which could contribute significantly to the atmospheric DMS load. However, in light of the growing evidence that CO 2 fluxes occur at the sea ice -air interface [Semiletov et al., 2004; Zemmelink et al., 2006] , it could be argued that sea ice becomes permeable and allows direct transfer of gases from the ice, through the overlying snow layer, to the atmosphere. Considering the high amounts of DMS that can be found in sea ice (up to 75 nM) [Trevena and Jones, 2006] , the direct DMS flux to the atmosphere from the sea ice could be significant. Gabric et al. [2005] hypothesize that springearly summer pulses of DMS emanating from melting sea ice contributes to the widespread aerosol loading which precedes the main summer chlorophyll and DMS peak in surface waters. Observations suggest that there are at least two sources of DMS to the atmosphere in this region, one linked to melting sea ice and one linked to the phytoplankton bloom phase [Gabric et al., 2005] . From these studies it is hypothesized that the emission of DMS from sea ice might not be confined to melting processes and plankton blooms in open waters. In this study we present direct field measurements of the DMS flux over the perennial ice zone of the western Weddell Sea.
Materials and Methods
[6] This study was performed during the 2004 Ice Station Polarstern (ISPOL) cruise, in the western Weddell Sea through November -December (the late spring -early summer season).
[7] The vertical flux of DMS and CO 2 was measured at a height of 2.75 m using the relaxed eddy accumulation (REA) technique. The REA system was an integrated part of an eddy correlation (EC) system (Applied Technologies, Inc) that was simultaneously used for the measurement of CO 2 fluxes over the ice [Zemmelink et al., 2006] . The EC/ REA system was battery powered; the battery pack and computers were placed in a shelter at a distance of 20 m from the meteorological tower.
[8] With REA, discrete air samples are taken for determination of fluxes . Samples are collected in two reservoirs depending on the sign of the vertical wind velocity. The flux (F) is subsequently calculated from the product of the eddy accumulation coefficient b (b % 0.6), the standard deviation of the vertical wind speed (s w ), and the mean concentration difference of the gas of interest between the samples collected during upward and downward wind (DC). In a simplified formula the flux is calculated according to: F = bs w DC [see also . Hence, REA is an indirect method for measuring gas fluxes. In contrast EC is considered to be the most direct method for measuring gas fluxes [Fairall et al., 2000] , since it derives the flux from the covariance of gas concentrations and vertical wind velocities.
[9] Air was sampled in the vicinity of a sonic anemometer at a flow rate of 200 ml min À1 for 1 hour, and collected in Tedlar bags. Subsequently, bags were brought back to the ship's laboratory and analyzed for DMS using a gas chromatograph equipped with a Sulfur Chemiluminescence Detector (Sievers). CO 2 in the collection reservoirs was analyzed by a closed path infrared CO 2 /H 2 O analyzer (Li-7000, Li-COR, USA). Fluxes are indicated according micrometeorological convention: positive when directed upward.
[10] The integrated EC/REA system allows testing the accuracy of REA by comparison of two simultaneously conducted measurements of CO 2 exchange. Using CO 2 flux data derived from EC measurements, a linear regression was calculated for the observations of CO 2 flux measured by REA against those measured by EC (Figure 1 ). Good agreement was found between the two techniques, with
The uncertainty of the EC measurements was 10-30% [Zemmelink et al., 2006] , where the uncertainty of REA methods is typically higher.
[11] DMS concentrations in the snow were determined near the base of the meteorological tower. Two liters of air from a series of inlets at different depths in the snow were sampled through thick-walled Teflon tubing to vacuum pulled airtight boxes (SKC, Inc.), into which Tedlar bags were placed for sample accumulation . Subsequently, the bags were brought back to the ship's laboratory and analyzed for DMS.
[12] Sea ice and snow conditions have been extensively discussed by Zemmelink et al. [2006] . The most relevant findings were that two types of snow could be distinguished: snow that covered slush and snow that covered solid ice. Sudden changes in snow conditions occurred toward the end of December, when melting of snow and surface flooding was observed and slush and melt ponds formed at the surface of the snow, in addition to an increase in slush between the ice and overlying snow. Refreezing of water in the snow resulted in the formation of granulated snow and of superimposed ice.
Results and Discussion
[13] DMS concentrations in the slush varied between <1 nM to 92 nM with the highest concentrations found in the biologically productive brown slush. High concentrations of DMSP (up to 11352 nM) were found in this slush layer; these concentrations are in the same range as previously measured by Trevena and Jones [2006] . In the snow-encapsulated air above the slush layer, high concentrations of DMS were found (Figure 2a) , averaging from 2290 nmol m À3 (with a maximum of 6000 nmol m The DMS gradients found in the snow paralleled CO 2 gradients recently published by Zemmelink et al. [2006] , where CO 2 became depleted near the ice/snow boundary. Increasing biological productivity of diatoms at this interface could result in a decrease of CO 2 and is likely to be linked with the production of sulfur compounds [Trevena et al., 2000] .
[15] The sudden decrease of DMS in the snow pack, and the lower concentrations found after Day 348, suggests that DMS is readily vented to the atmosphere. Changing snow characteristics will also affect the efficiency of DMS transport. Snow characteristics became very heterogeneous toward the end of December. Although gas transfer might become hampered due to the formation of ice lenses, coarse snow is likely to allow more exchange with the overlying atmosphere.
[16] Recent studies have shown that gas transport through snow could well be determined by turbulent air [Albert and Shultz, 2002; Takagi et al., 2005] . Also, substantial fluxes of CO 2 (up to 0.8 g CO 2 m À2 d À1 [Zemmelink et al., 2006] , and 1.7 g CO 2 m À2 d À1 [Semiletov et al., 2004] ) measured by eddy correlation over sea ice indicate that these fluxes must be supported by an active transport mechanism. It is therefore reasonable to assume that the high concentrations of DMS in the snow pack can support significant emissions to the atmosphere, especially when the overlying snow pack is coarsely granulated, as observed during the last week of December. (Figure 3 ). The average emission of DMS was 11 mmol DMS m À2 d À1 . The variability and sudden drop of DMS concentrations in the snow were not reflected in the flux measurements. It could be that these were local pulsed events that were not measured by the discrete sampling approach of REA. (Or that the rapid changes in snow concentrations were not spatially homogeneous, and would therefore not show up as pulses in a flux measurement over a substantial fetch area [Gabric et al., 2005] . Our observations as well as the previously published observations indicate that this DMS pulse to the atmosphere is fairly uniform during the transition period from late spring (November) to early summer (December). This could indicate that there are different events that contribute to the atmospheric loading of DMS: one linked to changes in snow characteristics (observed in this study), one emanating from melting sea ice, and one from biological activity in sea water [Gabric et al., 2005] . These studies emphasize the importance of sea ice for atmospheric DMS and further support the hypothesis of Gabric et al. [2005] that the loss of sea ice since 1950 would have decreased emissions of DMS in this region and consequently the levels of DMS-derived aerosols, such as atmospheric MSA.
[18] Extrapolating the flux measured by REA of 11 mmol DMS m À2 d À1 to the multi-year ice zone in the western Weddell Sea (extending to 1.3 * 10 6 km 2 [Gloersen et al., 1992] ) results in a total December flux of sulfur to the atmosphere of 15 Gg S (This includes the 0.47 Gg S flux from open water leads as estimated by Zemmelink et al. [2005] . Emission of DMS from the ice-free waters in the Antarctic region of the Southern Ocean (50°S-70°S) has been estimated to range from 26-85 G mol S yr À1 [Curran and Jones, 2000; Kettle and Andreae, 2000] . The flux from the icecovered Weddell Sea would therefore amount to 1.7-5.6% of the yearly sulfur flux from the Antarctic region of the Southern Ocean. What effect this has on the radiative forcing over the Antarctic sea ice is unknown but is likely to be significant.
[19] However, it is likely that as spring and summer progress, the biological activity in the ice would increase, with ongoing production of DMSP and DMS. This implies that fluxes from the ice might continue during January and February. Hence, the total summer emissions (from December -February) of DMS from the sea ice to the atmosphere could be as high as 6 -18% of the yearly emission of the Southern Ocean between 50°S-70°S. This estimate is based on an emission of 15.5 Gg S per month; 
